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Sociality increases exposure to pathogens. Therefore, social insects have 
developed a wide range of behavioural defences, known as 'social immu- 
nity'. However, the benefits of these behaviours in terms of colony 
survival have been scarcely investigated. We tested the survival advantage 
of prophylaxis, i.e. corpse removal, in ants. Over 50 days, we compared 
the survival of ants in colonies that were free to remove corpses with 
those that were restricted in their corpse removal. From Day 8 onwards, 
the survival of adult workers was significantly higher in colonies that 
were allowed to remove corpses normally. Overall, larvae survived better 
than adults, but were slightly affected by the presence of corpses in the 
nest. When removal was restricted, ants removed as many corpses as they 
could and moved the remaining corpses away from brood, typically to the 
nest corners. These results show the importance of nest maintenance and 
prophylactic behaviour in social insects. 
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1. Introduction 

The social contacts that come with group living increase the risk of pathogen 
transmission, particularly for social insects, with their high density of geneti- 
cally related individuals [1]. Consequently, social insects are known to 
defend themselves against disease outbreaks with a set of socially performed 
prophylactic behaviours known as 'social immunity'. Recent findings have 
shown how diverse and sophisticated these behaviours are, ranging from 
pathogen avoidance while nesting, grooming with application of antimicrobial 
compounds and incorporation of antimicrobial material in the nest (reviewed in 
[2]). Social insects also use specific behaviours to avoid horizontal transmission 
of pathogens. First, diseased individuals may leave the nest on their own before 
they die [3,4] or be removed by nest-mates [5]. Termite workers isolate dead 
individuals by burying them [6], whereas honeybees and many ant species 
transport them outside the colony [7,8]. 

Despite the identification of several behaviours associated with social 
immunity, their effectiveness in terms of colony survival has been poorly inves- 
tigated. A limited number of studies have shown the fitness gain due to 
hygienic behaviours (i.e. allogrooming) after a colony is challenged with a 
pathogen [9-12]. In this study, we aimed to investigate the benefits of social 
immunity in a situation where there is no artificial introduction of a pathogen 
to the colony. We tested whether corpse removal improves worker and brood 
survival in the common red ant, Myrmica rubra. 



Electronic supplementary material is available 
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2. Material and methods 

Myrmica rubra colonies were collected in Gembloux, Belgium. Ants were kept 
in plaster nests (Janet type, 85 x 85 x 2 mm) connected to foraging arenas 



Royal Society Publishing 



© 2014 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution 
License http://creativecommons.0rg/licenses/by/3.0/, which permits unrestricted use, provided the original 
author and source are credited. 




(135 X 185 X 50 mm). The nest entrance consisted in a 15 mm hole 
perforated in the middle of the glass roof. Each nest contained no 
queens, 170-230 workers and 58-60 larvae. Laboratory conditions 
were kept at 23 + 1°C and 45 + 5% HR, with a constant photo- 
period of 12 h d~^. Nest humidity was maintained by adding 
75 ml of water three times a week in the two ditches surrounding 
the nest. Each colony was provided with ad libitum water and a 
modified Bhatkar diet containing 2 : 1 sugar /protein [13]. 

(a) Experimental protocol 

In order to quantify the influence of necrophoresis on ants, we 
compared the survival of M. rubra ants in colonies that were lim- 
ited in their ability to remove corpses (limited removal: LR 
colonies, N = 15) to that of control colonies which were able to 
remove them normally (free removal: FR colonies, N=15). 
Experiments were performed during two periods, in 2010 and 
2012 (respectively, N =7 and N = 8 for each treatment). 

To hamper the ability of colonies to remove corpses, we cov- 
ered the entrance with a 20 x 20 x 20 mm Plexiglas cube, which 
was perforated with 12 holes of 2 mm diameter each. The small 
holes permitted only one ant to pass at a time and made it hard 
to carry corpses. FR colonies were free to remove corpses through 
cubes with one big hole (15 mm diameter). Preliminary exper- 
iments on six colonies for each treatment showed that the type 
of nest entrance did not influence ant survival over a 52 day 
period (Cox model, z = 0.31, p = 0.76). 

At the beginning of the experiment (Day 1), 10 corpses were 
placed in each nest. Corpses were nest-mates killed by freezing 
for 35 min at — 24°C and left at room temperature for 3 h 
before their introduction into the nest. We counted the number 
of live and dead ants as well as the number of larvae twice a 
week for seven weeks. We also took a picture of the nest in 
order to localize corpses and the brood patch so that we could 
calculate the relative distance of corpses to larvae. This was 
defined as the distance from a corpse to the edge of the nearest 
larvae patch divided by the farthest possible distance from the 



edges of all larvae patches. We used specific software called 
FoRMi-GIS (details in [14]). 

(b) Data analysis 

To test overall differences of survival between the two treat- 
ments, we used a Cox proportional hazards regression model, 
incorporating both colony and experimental period as random 
factors. To test differences in colony's survival between treat- 
ments for each day separately, we used Wilcoxon rank sum 
tests. When testing differences in the localization of corpses in 
the nest over time, we performed generalized linear mixed 
models (GLMM) applied to binomial distributions (logistic trans- 
formation), taking into account the colony as a random factor. If 
not otherwise specified, all means are given with standard devi- 
ations. All raw data are provided as .xls files in the electronic 
supplementary material. We used software R v. 3.0.1 (http:// 
www.r-project.org) for all statistical analyses. 

3. Results 

(a) Effect of necrophoresis on colony survival 

We quantified the impact of corpse removal on the demography 
of ant colonies. OveraU, workers in LR colonies survived less 
than those in FR colonies (Cox model, z = 13.5, p < 0.0001). 
At the end of the experiment, 87.4 ± 10.1% (N = 15) of workers 
in LR colonies and 94.0 ± 7.1% (N = 15) of workers in FR colo- 
nies were stiU alive (figure la). In order to understand at what 
time these differences became significant, we compared the 
survival rate day by day, finding workers' survival in FR 
colonies was higher than worker's survival in LR colonies 
from Day 8 onwards (Wilcoxon rank sum test, from Day 8 to 
Day 50, W > 162, N=15,p< 0.05). 

The survival rate of larvae was always above that of 
workers in both conditions (figure Ih). Yet, we observed 
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Figure 2. Boxplots represent the relative distance of corpses from the larvae patch. Above each pair of boxplots is a miniature of the nest (85 x 85 mm) on a given 
day after the introduction of corpses, where each small black dot represents one corpse (data from all colonies are pooled). 



significant differences in the survival curves of larvae 
between the LR and FR colonies (Cox model, z = 5.34, p < 
0.0001). At 50 days following the introduction of corpses 
into the nest, 93.4 ± 7.6% (N = 15) of larvae in LR colonies 
and 97.8 ± 2.1% (N = 15) of larvae in FR colonies were still 
alive. However, we observed no significant differences in 
the survival rates of LR and FR colonies while comparing 
each day separately (Wilcoxon rank sum test, from Day 1 to 
Day 50, W > 84.5, N = 15, p < 0.05). 

(b) Location of corpses inside the nest 

In FR colonies, corpses were removed rapidly, and none 
remained in the nest after 4 days. In LR colonies, most corpses 
remained in the nest until the fourth day. After 8 days, workers 
managed to cut some corpses into pieces and thus succeeded 
in removing these body parts out of the 'small-holes' nest 
entrance. Some colonies ultimately removed all corpses 
though on average 3.7 + 2.6 (N = 91) corpses remained 
inside the nest. In this latter case, corpses were gradually 
moved away from brood patches (GLMM, = 85.1, d.f. = 1, 
p < 0.001). From Day 4, no corpses were in contact with 
larvae. From Day 12, most corpses were located in the most 
remote areas of the nest (often corners), with a relative distance 
to larvae of more than 0.75 (figure 2). 

4, Discussion 

We have shown that prophylaxis through corpse removal 
enhances ant survival, even if no additional pathogen load 
is introduced to the nest. Corpse removal has been widely 
assumed to provide fitness advantages for social insects, and 
theoretical simulations of pathogen transmission throughout 
colonies demonstrates this [15]; however, our study provides 
the first experimental evidence. Along with other prophylactic 
behaviours, corpse removal acts as a first line of defence against 



horizontal transmission of pathogens, thus allowing reduced 
investment in costly personal immune defences [16]. Indeed, 
in wood ants, the incorporation of antibacterial resin into the 
nest leads to a decrease in antibacterial and lytic activities in 
worker haemolymph [17]. Honeybees, which have a wide 
range of social immune responses, appear to have fewer selec- 
tion constraints on genes related to individual immunity 
compared with non-social insects [18]. In our study, we actu- 
ally observe the survival gain of keeping the nest clean from 
corpses. Corpses artificially staying longer in the nest may 
have increased the occurrence of microorganisms, requiring a 
greater investment in the immune system for live ants and 
possibly resulting in a reduced lifespan. Further research 
could test for the development of microorganism on corpses 
in the nest, and the consequences on the immune system 
activity, investigating the costs and benefits of necrophoresis. 

In our experiments, larvae survived better than workers 
and the impact on brood survival in colonies with restricted 
corpse removal was smaller than for workers. This was not 
necessarily expected given larvae can be infected by all para- 
site taxa and are particularly susceptible while their body 
cuticle and gut lining are not fully developed [1]. However, 
we observed worker behaviours that reduced contact 
between brood and potential sources of pathogens. First, 
corpses were moved to more remote areas of the nest and 
were rarely in contact with larvae patches. Second, in 
M. rubra, younger workers are mainly involved in brood 
care, while workers involved in corpse transport mainly 
stay outside the nest or near the nest entrance [14]. Such 
spatial and behavioural compartmentalization is part of 
social immunity [2] and seems to promote larval survival. 

After 8 days, workers in LR colonies managed to eject six 
to seven corpses from the nest despite the difficulties in doing 
so. Other corpses were taken to nest corners, or in some cases 
'buried' using cotton wool extracted from water dispensers. 
Ants were nevertheless less prompt to show these alternate 



behaviours than they are to eject corpses out of the nest, 
which occurs within 24 h [19]. Corpse-burying is the main 
way used by termites to segregate corpses from the colony 
[6]. In ants, Temnothorax lichtensteini workers tend to naturally 
bury corpses in the nest [20], and in some attine species, 
workers dispose of waste and dead ants in dedicated 
chambers [21]. In M. rubra, corpse-burying might be an alterna- 
tive to removal, which can be used in specific circumstances, 
such as winter when ants stay within the nest, and which 
may be sufficient in cases of low parasite pressure. Indeed, 
even when corpses remain in the nest, mortality rates are 



low for workers and larvae. Further research could evaluate 
behavioural modulation given different levels of parasitism. 



Acknowledgements. We thank Dr Paul Graham for his insightful com- 
ments on the manuscript, and Laure Urbain for her contribution to 
the experiments. 

Funding statement. This study was funded by a PhD grant from FRIA 
(Fonds pour la Recherche dans I'lndustrie et dans I'Agriculture), 
the Fonds David et Alice van Buuren and a Newton International 
Fellowship. CD. is a senior research associate from the Belgian 
National Fund for Scientific Research (FNRS). 



(3 



References 



1. Schmid-Hempel P. 1998 Parasites in social insects. 
Princeton, NJ: Princeton University Press. 

2. Cremer S, Armitage SAO, Schmid-Hempel P. 2007 
Social immunity. Cum Biol. 17, 693-702. (doi:10. 
1016/j.cub.2007.06.008) 

3. Rueppell 0, Hayworth MK, Ross NP. 2010 Altruistic 
self-removal of health-compromised honey bee 
workers from their hive. J. Evol. Biol. 23, 1538- 
1546. (doi:10.1111/j.1420-9101.2010.02022.x) 

4. Bos N, Lefevre T, Jensen AB, D'ettorre P. 2012 Sick 
ants become unsociable. J. Evol. Biol. 25, 342-351. 
(doi:10.1 1 1 1/j.1420-9101 .201 1 .02425.x) 

5. Arathi HS, Bums I, Spivak M. 2000 Ethology of 
hygienic behaviour in the honey bee Apis mellifera 
L. (Hymenoptera: Apidae): behavioural repertoire of 
hygienic bees. Ethology 106, 365-379. (doi:10. 
1046/j.1439-0310.2000.00556.x) 

6. Ulyshen M, Shelton T. 2012 Evidence of cue 
synergism in termite corpse response behavior. 
Naturwissenschaften 99, 89-93. (doi:10.1007/ 
sOOl 14-01 1-0871-3) 

7. Wilson EO, Durlach N, Roth L. 1958 Chemical 
releasers of necrophoric behaviour in ants. Psyche 
[Stuttg.) 65, 108-114. (doi:1 0.1 155/1958/69391) 

8. Diez L, Deneubourg J-L, Detrain C. 2012 Social 
prophylaxis through distant corpse removal in ants. 
Naturwissenschaften 99, 833-842. (doi:10.1007/ 
sOOl 14-012-0965-6) 



9. Traniello JFA. 2002 The development of immunity 
in a social insect: evidence for the group facilitation 
of disease resistance. Proc. Natl Acad. Sci. USA 99, 
6838-6842. (doi:10.1073/pnas.102176599) 

10. Rosengaus RB, Maxmen AB, Coates LE, Traniello JFA. 
1998 Disease resistance: a benefit of sociality in the 
dampwood termite Zootermopsis angusticollis 
(Isoptera: Termopsidae). Behav. Ecol. Sociobiol. 44, 
125-134. (doi:10.1007/s002650050523) 

11. Walker TN, Hughes WOH. 2009 Adaptive social 
immunity in leaf-cutting ants. Biol. Lett. 5, 
446 - 448. (doi:1 0.1 098/rsbl.2009.01 07) 

12. Hughes WOH, Eilenberg J, Boomsma JJ. 2002 Trade- 
offs in group living: transmission and disease 
resistance in leaf-cutting ants. Proc. R. Soc. Lond. B 
269, 1811-1819. (doi:10.1098/rspb.2002.2113) 

13. Dussutour A, Simpson SJ. 2008 Description of a 
simple synthetic diet for studying nutritional 
responses in ants. Insectes Sociaux 55, 329-333. 
(doi:10.1007/s00040-008-1008-3) 

14. Diez L, Le Borgne H, Lejeune P, Detrain C. 2013 
Who brings out the dead? Necrophoresis in the red 
ant, Myrmica rubra. Anim. Behav. 86, 1259-1264. 
(doi:10.1016/j.anbehav.2013.09.030) 

15. Fefferman N, Traniello J, Rosengaus R, Calleri D. 
2007 Disease prevention and resistance in social 
insects: modeling the survival consequences of 
immunity, hygienic behavior, and colony 



organization. Behav. Ecol. Sociobiol. 61, 565-577. 
(doi:10.1007/s00265-006-0285-y) 

16. Ardia DR, Gantz JE, Schneider BC, Strebel S. 2012 
Costs of immunity in insects: an induced immune 
response increases metabolic rate and decreases 
antimicrobial activity. Eunct. Ecol. 26, 111-119. 
(doi:10.1111/j.1365-2435.2012.01989.x) 

17. Castella G, Chapuisat M, Moret Y, Christe P. 2008 The 
presence of conifer resin decreases the use of the 
immune system in wood ants. Ecol. Entomol. 33, 
408-412. (doi:10.1111/j.1365-2311.2007.00983.x) 

18. Evans JD et al. 2006 Immune pathways and defence 
mechanisms in honey bees Apis mellifera. Insect 
Mol. Biol. 15, 645-656. (doi:10.1111/j.1365-2583. 
2006.00682.x) 

19. Diez L, Moquet L, Detrain C. 2013 Post-mortem 
changes in chemical profile and their influence on 
corpse removal in ants. J. Chem. Ecol. 39, 1424- 
1 432. (doi: 1 0. 1 007/s1 0886-01 3-0365-1 ) 

20. Renucci M, Tirard A, Provost E. 2010 Complex 
undertaking behavior in Temnothorax lichtensteini 
ant colonies: from corpse-burying behavior to 
necrophoric behavior. Insectes Sociaux 58, 9-16. 
(doi:10.1007/s00040-010-0109-y) 

21. Ribeiro PL, Navas CA. 2007 The leaf-cutting ant Atta 
Sexdens rubropilosa, FOREL, 1908 prefers drier 
chambers for garbage disposal. 7. Insect Behav. 20, 
1 9 - 24. (doi : 1 0. 1 007/s1 0905-006-9052-1 ) 



